■ INTRODUCTION
Hybrid nanoparticles 1−7 have attracted considerable attention because of their applicability in many technologically important areas such as energy conversion 8−10 and catalysis. 11−14 Au− CdS has been reported as a photocatalyst for chemical reactions, 15 most importantly for photochemical hydrogen production. 16−23 Recently, a record 100% photon-to-hydrogen production efficiency has been reported with a Pt-tipped "CdSe@CdS" rod. 24 Charge transfer from the semiconductor to the metal is very fast, less than 20 fs. 25 The possibility of changing the composition, size, shape, or other parameters of the semiconductor enables one to tailor its optical properties. 26−31 It has been shown, furthermore, that excitation of plasmons in metal nanostructures can induce the transfer of hot electrons into the semiconductors, making them interesting candidates for light harvesting materials because their absorption is tunable. 32−40 In these systems, as the metal and the semiconductor are directly in contact, the electron injection from metal to semiconductor occurs with higher efficiency. This is because the electron-transfer rate can overcome the rate of the electron−electron scattering (approximately hundreds of femtoseconds). 41 Alternatively, efficient electron transfer may occur via a plasmon-induced, metal-to-semiconductor, interfacial, charge-transfer-transition pathway as proposed by Lian and co-workers. 42 As the energy associated with the excitonic transition of CdS nanoparticles is much different from that of the surface plasmonic resonance in Au, a selective excitation of either the semiconductor or the metal domain is possible. 43 Vela, Fang, and co-workers designed Au−CdS nanoparticles (Figure 1 ) and demonstrated that they were efficient photocatalysts for the conversion of amplex red to resorufin in the presence of H 2 O 2 . 12 Two distinct mechanisms, depending on the excitation wavelength, were identified for inducing charge separation in the nanohybrids. 12, 43 Namely, either the Au or the CdS domains of the nanostructure could be selectively excited, thus changing the mechanism of resorufin production. Here, we demonstrate that there are other (simpler) means of probing this charge separation, namely, by employing ATTO dyes (for example, Figure 2 ), which are used extensively in single-molecule spectroscopies and super-resolution microscopies. 44, 45 These dyes are extremely well suited as fluorescence probes for the above-mentioned techniques owing to their high fluorescence quantum yields, photostability, and large Stokes shifts. A considerable number of them covering the visible absorption and emission spectrum is commercially available. Photoinduced charge transfer is an efficient nonradiative pathway for ATTO dyes, 46 and we discuss in detail the intermolecular quenching mechanism of ATTO 590 ( Figure 2a ) and ATTO 655 (the structure of ATTO 655 is proprietary) with Au−CdS nanohybrids.
■ MATERIALS AND METHODS
Materials. ATTO 590 and ATTO 655 (free carboxy acid) were obtained from ATTO-TEC. Cadmium oxide (99.998%), sulfur (99.999%), and tetramethylammonium hydroxide pentahydrate (98%) were obtained from Alfa Aesar. Octadecylphosphonic acid (ODPA) was purchased from PCI Synthesis. Trioctylphosphine oxide (TOPO) (99%); dodecylamine (98%) and didodecyldimethylammonium bromide (98%) were purchased from Sigma-Aldrich. Trioctylphosphine (TOP) (97%) and gold(III) chloride (99%) were purchased from Strem.
Synthesis of Colloidal CdS Nanorods. We have followed the procedure described in our previous report. 47 In brief, CdO (105 mg, 0.81 mmol), TOPO (1.375 g, 3.56 mmol), and ODPA (535 mg, 0.94 mmol) were taken into a three-neck, round-bottom flask with a glass-coated stir bar. The flask, fitted with a stainless steel thermocouple, condenser, and septum was sealed and connected to a Schlenk line. The mixture was subsequently heated to 100°C, using a heating mantle and kept under vacuum for 15 min. The apparatus was refilled with dry argon and heated to 320°C, resulting in a colorless solution. The mixture was cooled to 120°C, placed under vacuum for 15 min, and heated to 300°C. TOP (1.20 mL, 2.7 mmol) was injected into the flask. The mixture was again heated to 320°C, followed by addition of trioctylphosphine sulfide (TOPS) solution (1.00 mL, 2.2 mmol). The mixture was cooled to 315°C for 85 min. The reaction mixture was removed from the heating mantle and cooled to room temperature. The nanorods were diluted with toluene (5 mL) and isolated by adding a 1:1 v/v 2-propanol/nonanoic acid (24 mL) mixture followed by The Journal of Physical Chemistry C Article centrifugation (5000 rpm for 10 min). The product was redispersed in toluene.
Synthesis of Colloidal Au−CdS. The synthetic steps are briefly described below, and the detailed description can be found elsewhere. 48 The concentration of the CdS nanorod solution in toluene was estimated from its absorbance at 470 nm:
. Fifteen milliliters of the solution was kept in a sealed three-neck, round-bottom flask, degassed, refilled with dry argon, and stored in the dark for 12 h. Gold(III) chloride (AuCl 3 ) (28 mg, 0.08 mmol), dodecylamine (117 mg, 0.63 mmol), and didodecyl dimethylammonium bromide (74 mg, 0.16 mmol) were added to 18 mL of anhydrous toluene in the dark under a dry atmosphere and sonicated for 5 min. This gold solution was injected dropwise to the CdS solution in an oil bath at 40°C in the dark and under an argon atmosphere. Fifteen minutes after addition was complete, purification of nonvolatile products was carried out by precipitation with a 1:1 mixture of acetone and methanol (30 mL) and centrifugation (4500 rpm for 10 min). The product thus formed was redispersed in 10 mL of toluene, and 10 mL of distilled water was added. Tetramethylammonium hydroxide pentahydrate (300 mg, 1.65 mmol) and DLmercaptosuccinic acid (50 mg, 0.33 mmol) were added, and the resulting mixture stirred overnight in the dark. The aqueous layer was separated and washed with acetone to ensure removal of excess ligands. The product was readily redispersed in water.
Electrochemical Measurements. Electrochemical measurements of the LUMO of each dye were conducted using a Pine WaveNow potentiostat with Pine screen printed electrodes (part no. RRPE1001C) composed of a 2.0 mm diameter carbon working electrode, a carbon counter electrode, and a Ag/AgCl (1 M KCl, + 0.235 V vs NHE) reference electrode. Because the Ag/AgCl reference is screen printed, it is necessary to add 1 M KCl to all solutions. Cyclic voltammetry was used to measure the LUMO of ATTO 655 (0.06 mM in aqueous 1 M KCl) by measuring five cycles each at 50 mV/s and of ATTO 590 (0.06 mM in aqueous 1 M KCl) by measuring two cycles each at 10 mV/s.
Steady-State Measurements. An Agilent 8453 UV−vis spectrometer with 1 nm resolution was used to record absorbance. Steady-state fluorescence measurements were carried out with a Spex Fluoromax-4 with a 3 or 4 nm bandpass, which was corrected for lamp spectral intensity and detector response. Concentrations were kept near 0.1 μM in all measurements to avoid reabsorption effects, reemission effects, or dye aggregation.
Lifetime Measurements. Excited-state lifetimes were determined by the time-correlated, single-photon counting (TCSPC) technique. The apparatus has been described previously. 49 The repetition rate of the fundamental (∼800 nm) from a homemade, mode-locked Ti-sapphire oscillator was reduced by a Pockels cell (model 350−160, Conoptics Inc.) to 8.8 MHz. The 400 nm excitation wavelength, used for some of the experiments, was obtained from the fundamental using a UOplaz Technologies (Model TP-2000B) doubler/tripler. A Becker and Hickl photon counting module (model SPC-630) was used. This apparatus produces an instrument function (IRF) with a full-width at half-maximum (fwhm) of ∼40−50 ps. For the experiments with λ ex = 570 nm, a supercontinuum laser (Fianium Ltd.) with a 570 ± 5 nm bandpass filter was used. The repetition rate of the laser was 1 MHz; and the fwhm of the IRF, ∼190 ps. A quartz cuvette of 3 mm or 1 cm path length was used. The fluorescence decays were fit to a sum of two exponentials, taking into account convolution of the IRF. Fluorescence decays were measured as a function of the concentration of Au−CdS nanoparticles, which induce a nonradiative charge-transfer process in the ATTO dye. In these experiments, similar to those in earlier work, 49 the two decays were fit globally by fixing the lifetimes and only permitting the two amplitudes to vary.
■ RESULTS AND DISCUSSION
Steady-State Measurements. A transmission electronmicroscopy (TEM) image of CdS nanorods with deposited Au nanoparticles is given in Figure 1a . The average (±one standard deviation) length and diameter of the nanohybrids were 135 ± 10 and 6 ± 1 nm, respectively. The diameter of the gold nanoparticles was in the range 2.5−6.5 nm. A schematic diagram of the Au−CdS nanoparticles is given in Figure 1b . Their absorption spectrum is shown in Figure 1c . It is composed of the characteristic, continuous excitonic absorption from the CdS nanorods and the surface plasmon resonance band of the Au nanoparticle, thus showing that the optical properties of the original components are retained. 25, 43 The retention of the CdS and Au absorption spectra permits the selective excitation of the CdS (λ ex = 400 nm) or Au domains (λ ex = 570 nm). Figure 1d presents the photoluminescence spectrum of the Au−CdS nanoparticles. Both the band-edge (∼465 nm) and trap-state emissions (a broad emission spectrum centered around 480 nm) are highly quenched by fast (∼20 fs in Au−CdS 25 and ∼3.4 ps in Pt-CdS 1 ) interfacial electron transfer. 1, 43 The reported recombination rate is very small in Pt−CdS nano hybrids: ∼1.2 ± 0.6 μs, owing to the localization of holes in CdS surface traps. Similar rates are expected for Au−CdS. Thus, during the interaction of the heterostructure with the dye, the Au−CdS particles remain essentially charge-separated. The fluorescence spectra of ATTO dyes is broadened (Figure 3a) in the presence of the Au−CdS particles, indicative of a strong electronic interaction between the two 50 or heterogeneous distribution in dielectric environment of the dye molecules when they are adsorbed transiently at the surface of the particles. Fluorescence spectra of ATTO dyes in the presence of Au−CdS do not, however, change with varying excitation wavelength (Figure 3b ). The excitation spectrum of ATTO in the presence of Au−CdS agrees very well the absorption spectrum of ATTO, thus indicating the absence of ground-state aggregation ( Figure S1 ). The decrease of fluorescence intensity with increasing Au−CdS concentration is quantified by Stern−Volmer plots with λ ex = 570 (Figure 3c ) or 400 nm, which yield values of 0.04 ± 0.05 and 0.15 ± 0.01 μM −1 , respectively. Time-Resolved Experiments: Probing Charge Transfer from Excited-State ATTO to the Plasmonic Band of Au, λ ex = 570 nm, and to the Excitonic Band of CdS, λ ex = 400 nm. Time-resolved measurements provide greater insight into the charge-transfer dynamics between the ATTO dyes and the nanoparticles. Table 1 summarizes the lifetime data for ATTO dyes in the presence of Au−CdS. The fluorescence decays are well described by two decaying exponentials in which a global-fitting procedure is employed keeping the two lifetime components fixed and permitting only the amplitudes to vary. 49 In the ensuing discussion, these lifetime components are interpreted as follows. As the steady-state excitation spectra of ATTO dyes agree with the absorption spectra in the presence and absence of nanoparticles, we conclude, as mentioned above, that there is no distribution of ground-state complexes being formed and that the two lifetime components correspond to an excited-state equilibrium between two ATTO species, one of which is capable of executing excited-state charge transfer, the other which is not. (In a section of our previous paper on the quenching of ATTO 590 by tryptophan, 49 these components were erroneously and inconsistently described in terms of a ground-state equilibrium, which implies a ground-state complex, which we have demonstrated does not exist.)
The dependence of the lifetime of ATTO 590 as a function of Au−CdS concentration with λ ex = 570 nm is presented in Figure 4a . The shorter-lived component represents the nonradiative, charge-transfer process from ATTO 590 to the Au domain of the nanoparticle (0.93 ns); the longer-lived component, the unquenched ATTO 590 (3.7 ns) (Table SI) . A Stern−Volmer plot, similar to that constructed from the steadystate data, was generated (Figure 4b) , yielding a quenching constant of 0.04 ± 0.01 μM −1 . The absence of any ground-state complexes between Au−CdS and ATTO 590 is further confirmed by the equivalence of the Stern−Volmer plots constructed from both the time-dependent and the steady-state data.
As the extent of quenching in different ATTO dyes can change based on where they absorb, as reported by Marméet al., 46 and also because ATTO 655 is more frequently employed for super-resolution microscopies owing to its convenient absorption and emission properties, we carried out identical experiments on ATTO 655, which, as its name indicates, absorbs farther to the red than does ATTO 590. With λ ex = 570 nm, both ATTO 655 and the Au plasmonic band are excited. We observe that, though the population of the charge-transfer species is similar to that obtained with ATTO 590 at a similar quencher concentration (Table SII) , its lifetime is proportionately longer with respect to the unquenched species: 1.1 ns/1.8 ns for ATTO 655 as opposed to 0.9 ns/3.7 ns for ATTO 590, thus suggesting that there is a greater driving force for charge transfer in ATTO 590 than in ATTO 655. The Stern−Volmer plot ( Figure S2 ) constructed with the average lifetime of ATTO 655 with varying concentration of the nanohybrid yields a Stern−Volmer constant value of 0.01 ± 0.01 μM −1 . Considering the relative energy of ATTO dyes ( Figure 5 ), ATTO 590 should be quenched more, which is observed experimentally.
Similar quenching experiments were carried out with ATTO 590, λ ex = 400 nm (Figure 6a ). In this case, the component representing the charge transfer between ATTO 590 and Au− CdS has a lifetime of 0.2 ns (Table SIII) . Hence, this observation clearly indicates that the type of charge-transfer complex formed between Au−CdS and ATTO 590 differs with the excitation wavelength: namely, 570 nm (plasmonic band of Au) and 400 nm (excitonic band in CdS). The population of the charge-separated species by excitonic excitation of CdS in Au−CdS is also much higher. The Stern−Volmer constant is about 4 times higher than that obtained when we induce excitation of the surface plasmon resonance band in the nanocomposite (Figure 6b ). These observations support the observation by Lian and co-workers that photogenerated electrons and holes appear to be more active and longer-lived when generated at CdS than when generated at Au. 43 With λ ex = 400 nm, the excitonic transition is excited; the nanohybrids remain charge separated with the positive charge on CdS (Figure 1b) , and charge transfer to the CdS domain from the ATTO 590 is solely responsible for the quenching, which will be further discussed in the following section.
Energetics and Control Experiments. An energy-level diagram ( Figure 6 ) was constructed from cyclic voltammetric measurements of the ATTO dyes and the reported data for CdS and Au. 43 The cathodic reduction potentials of the ATTO 590 and ATTO 655 were measured to be −3.63 and −4.15 eV vs vacuum, respectively, which correspond to the LUMO energy levels. 51−53 The HOMO energies were calculated by subtracting the excitation energies (λ max of the absorption spectrum of the dyes) from the LUMO energies. 54−56 (We also attempted to obtain the molecular orbital energies of ATTO 590 via quantum chemical calculations, as briefly summarized in the Supporting Information. As, however, these calculations did not include solvent, they did not model the molecular orbital energies sufficiently accurately.) Owing to the presence of negative charge on CdS 57 with λ ex = 570 nm, charge transfer from excited-state ATTO 590 to the CdS domain is unfavorable.
58 Though, on the basis of the energy level diagram, the LUMO in the ATTO dyes is very similar or lower than that of the conduction band (CB) of CdS in the nanohybrids (Figure 6 ), reductive charge transfer from CdS to ATTO 590 is not happening. This has been verified by a control experiment with CdS nanorods (with no gold), where the CdS is consequently uncharged. With λ ex = 400 nm, we did not observe quenching with a similar concentration of CdS as that used in the experiments with the Au−CdS particles. Thus, we can conclude that in Au−CdS nanohybrids, the presence of positive charge on the CdS domain is important for efficient charge transfer from ATTO 590. The relative energy levels of the dye and of CdS valence band (because hole remains in the valence band) strongly support the assignment of charge . Energy levels of systems discussed in the text. All the energies are presented on the "absolute scale". 63 The double-headed arrows represent the maximum of absorption spectra of the dyes. CB and VB are the conduction and valence bands of CdS, respectively. The unfilled rectangle indicates ϕ, the work function of Au. 64 (The energy levels of tryptophan are included for completeness because of the similarities in quenching behavior, as discussed in the text.) The blue arrow denotes the nonradiative charge-transfer process occurring when λ ex = 400 nm; the green arrow, when λ ex = 570 nm. The blue and green charge pairs represent their positions in the nanoparticles with λ ex = 400 nm and λ ex = 570 nm, respectively. The Journal of Physical Chemistry C Article transfer. As the gold domains remain negatively charged with λ ex = 400 nm, as reported in the literature, 58 the charge transfer to Au becomes highly unfavorable. We estimated the free energy of charge separation between the Au−CdS nanoparticles and ATTO 590, with λ ex = 400 nm, to be −2.39 eV compared to that with λ ex = 570 nm, which we estimated to be −1.47 eV. Thus, from Marcus theory, charge separation between the Au− CdS and ATTO 590 is expected to be faster with λ ex = 400 nm than that with λ ex = 570 nm, though the appropriate values of the rates depend on the electronic coupling (J) between Au− CdS and the ATTO 590 and 655, which has not been reported in the literature.
Charge transfer between Au and ATTO 590 and 655 has not been documented in the literature, and there are only a few reports suggesting that charge transfer occurs from an organic dye to gold cores, and then only when short linkers (2−8 atoms) were used in polar solvents. 59, 60 But owing to the presence of positive charge on the gold domains, charge transfer is favorable with λ ex = 570 nm in this work. 57, 58 Further, the possibility of resonance energy transfer between the dye and Au is very unlikely owing to their average separation distance 61 (∼275 Å, assuming a 20-μM concentration of the nanoparticles), as well as the poor overlap between fluorescence spectra of the dyes (mainly ATTO 655) and the plasmonic absorption. Additionally, we performed a control experiment with Au nanoparticles, which did not show quenching of fluorescence. If energy transfer were the mechanism behind the quenching with Au−CdS with λ ex = 570 nm, we should have observed it in the presence of isolated Au nanoparticles. Because this was not the case, our observations are consistent with the assignment of excitedstate charge transfer from ATTO 590 and 655 to the gold domain of the Au−CdS particles when λ ex = 570 nm, indicating the importance of the positive charge on the Au domains for enabling facile charge transfer from the these two ATTO dyes. Additionally, based on the energy levels and the low charge-tosurface ratio in the CdS domain of the nanohybrids, there is a possibility that with λ ex = 570 nm, the electron is transferring via the higher energy state of CdS and eventually going to the Au Fermi sink. Finally, we performed a control study with CdS nanorods and the two ATTO dyes with λ ex = 570 nm. When λ ex = 570 nm, the yield of the internal charge transfer between Au and CdS is only ∼24%. 42 Consequently, many nanohybrid moieties would be present without any charge separation in the solution when λ ex = 570 nm. 12 So the quenching of ATTO 590 and 655 observed with λ ex = 570 nm could be a result of charge transfer from the two ATTO dyes to the CdS domain in the particles without prior charge separation. We eliminated this possibility by performing a control experiment with λ ex = 570 nm, as CdS does not absorb 570 nm. No quenching by CdS was observed, thus indicating that in the nanohybrids, quenching is not occurring owing to charge transfer between the two ATTO dyes and the CdS domain.
■ CONCLUSIONS
It has been shown elsewhere by using single-molecule fluorescence microscopy that the Au−CdS nanoparticles are efficient photocatalysts for the conversion of amplex red to resorufin in the presence of H 2 O 2 12 and that either the Au or the CdS domains of the nanostructure could be selectively excited, thus changing the mechanism of resorufin production. Here, we demonstrate that there are other (simpler) means of probing this charge separation, namely, by employing ATTO dyes, which are used extensively in single-molecule spectroscopies and super-resolution microscopies. 44, 45 These dyes are extremely well suited as fluorescence probes for the abovementioned techniques owing to their high fluorescence quantum yields, photostability, and large Stokes shifts. A considerable number of them covering the visible absorption and emission spectrum is commercially available. Photoinduced charge transfer is an efficient nonradiative pathway for the ATTO dyes. 49, 46 These properties of the ATTO dyes render them extremely promising candidates for probing such charge transfer reactions in super-resolution microscopies, such as STED, stimulated emission depletion microscopy, which we have already demonstrated in our laboratory. 44, 45, 62 ■ ASSOCIATED CONTENT
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